Abstract-The Tissint meteorite is a geochemically depleted, olivine-phyric shergottite. Olivine megacrysts contain 300-600 lm cores with uniform Mg# (~80 AE 1) followed by concentric zones of Fe-enrichment toward the rims. We applied a number of tests to distinguish the relationship of these megacrysts to the host rock. Major and trace element compositions of the Mg-rich core in olivine are in equilibrium with the bulk rock, within uncertainty, and rare earth element abundances of melt inclusions in Mg-rich olivines reported in the literature are similar to those of the bulk rock. Moreover, the P Ka intensity maps of two large olivine grains show no resorption between the uniform core and the rim. Taken together, these lines of evidence suggest the olivine megacrysts are phenocrysts. Among depleted olivine-phyric shergottites, Tissint is the first one that acts mostly as a closed system with olivine megacrysts being the phenocrysts. The texture and mineral chemistry of Tissint indicate a crystallization sequence of: olivine (Mg# 80 AE 1) ? olivine (Mg# 76) + chromite ? olivine (Mg# 74) + Ti-chromite ? olivine (Mg# 74-63) + pyroxene (Mg# 76-65) + Cr-ulv€ ospinel ? olivine (Mg# 63-35) + pyroxene (Mg# 65-60) + plagioclase, followed by late-stage ilmenite and phosphate. The crystallization of the Tissint meteorite likely occurred in two stages: uniform olivine cores likely crystallized under equilibrium conditions; and a fractional crystallization sequence that formed the rest of the rock. The two-stage crystallization without crystal settling is simulated using MELTS and the Tissint bulk composition, and can broadly reproduce the crystallization sequence and mineral chemistry measured in the Tissint samples. The transition between equilibrium and fractional crystallization is associated with a dramatic increase in cooling rate and might have been driven by an acceleration in the ascent rate or by encounter with a steep thermal gradient in the Martian crust.
INTRODUCTION
The shergottite groups constitute the majority (~83%) of known Martian meteorites, even though they represent only a minute fraction of all meteorites discovered to date (~0.26%, according to the Meteoritical Bulletin Database). These mafic to ultramafic rocks provide samples that can be used to decipher and understand the magmatic differentiation and evolution of Mars. Occasionally, the fiery delivery of these samples to Earth is observed, and the rapidly recovered meteorites represent the least terrestrially weathered Martian samples, making them critical for studying a diverse range of processes that occurred on Mars. The Tissint meteorite is one such sample. On July 18, 2011, a fireball was witnessed in the region of the Oued Draa Valley, east of Tata, Morocco. Within a few months, pieces of this fall were recovered in the area between Tata and the village of Tissint, and the meteorite was named Tissint. In contrast to previous fall samples (Shergotty, Zagami, Nakhla, and Chassigny), Tissint is the first fall of olivine-phyric lithology, representing a unique opportunity to examine minerals that are least affected by terrestrial weathering.
The total mass of the Tissint meteorite recovered to date is~7 kg (http://www..lpi.usra.edu/meteor/index. php?code=54823). For a meteorite of this size, some petrologic diversity is to be expected. The initial description and confirmation of the Martian origin was made by Irving et al. (2012) , and the initial comprehensive description was reported by Chennaoui Aoudjehane et al. (2012) . A detailed petrologic study by Balta et al. (2015) further investigated the crystal-size distribution of olivine and rare earth element variations in minerals. These studies observed that Tissint is unique in that it is depleted in highly incompatible elements (e.g., Rb, La, Ce), but is enriched in moderately incompatible elements compared to the other depleted shergottites. The Tissint meteorite is also one of the most intensely shocked Martian meteorites, containing spinel-structured olivines (ahrensite and ringwoodite), jadeite-group pyroxene (tissintite), CaTi 2 O 4 -structured (CT) chromite, and possibly diamond (Baziotis et al. 2013; El Goresy et al. 2013; Hu et al. 2013; Kuchka et al. 2013; Summerson et al. 2013; Ma et al. 2014 Ma et al. , 2015 Ma et al. , 2016 Walton et al. 2014) . Among these findings, ahrensite and tissintite are the first new minerals identified in Martian rocks (Ma et al. 2014) . Baziotis et al. (2013) estimated that the Tissint meteorite was derived from a large impactor and crater on Mars based on the assumption of diffusive crystallization of 1 lm ringwoodite grains. However, additional investigation by Walton et al. (2014) and Ma et al. (2016) demonstrated that ringwoodite is actually composed of 0.05-0.4 lm grains. Additionally, the aggregation and preservation of original zoning in ringwoodite suggest that solid-state transformation is likely the main mechanism for ringwoodite formation in Tissint (Walton et al. 2014; Ma et al. 2016) . Such a process is rapid and would occur on a time scale of tens of nano-seconds (Tschauner et al. 2009 ). Thus, the use of grain size and the diffusive model (Baziotis et al. 2013) significantly overestimated the minimum duration of the shock process. Nonetheless, the reports of multiple high-pressure phases in the Tissint meteorite by several research groups show that this is one of the best samples for examining shock metamorphism in Martian rocks. In addition, the Tissint meteorite contains abundant large and glassy impact pockets, which provide excellent materials for investigating water and other volatiles in this basaltic meteorite (Chen et al. 2015) .
In spite of the shock features, the Sm-Nd isotopic system of the Tissint meteorite yields a reasonable isochron age, reported to be from 472 AE 36 Ma to 616 AE 67 Ma according to different research groups, whereas the Rb-Sr isotopic system appears to be disturbed by shock (Grosshans et al. 2013; Park et al. 2013; Brennecka et al. 2014; Shih et al. 2014) . The Lu-Hf isotopic system suggests an age of 583 AE 86 Ma for Tissint, overlapping with the age (~574 Ma) of Dhofar (Dho) 019 within uncertainties (Grosshans et al. 2013) . Crystallization ages and the rare earth element (REE) pattern of the Tissint meteorite are consistent with this meteorite being a member of the group of shergottites that display a strong depletion in highly incompatible elements (Chennaoui Aoudjehane et al. 2012; Balta et al. 2015) . These shergottites also show low initial 87 Hf/ 177 Hf values that are consistent with a mantle source that was already depleted in these incompatible elements well before the igneous event dated by the isochrons (e.g., Borg et al. 2002 Borg and Draper 2003; Symes et al. 2008; Shih et al. 2014) . Other wellstudied members of this group include olivine-phyric shergottites Yamato (Y)-980459, Dho 019, Dar al Gani (DaG) 476, Sayh al Uhaymir (SaU) 005, Northwestern Africa (NWA) 1195, and aphyric shergottite Queen Alexandra Range (QUE) 94201. Concentrations of rare earth elements in the Tissint meteorite are higher than most shergottites in the depleted group, except for QUE 94201 (e.g., Chennaoui Aoudjehane et al. 2012; Balta et al. 2015) . Here, we report characterization of mineralogy and geochemistry of our Tissint samples, with emphasis on features that are not reported in Chennaoui Aoudjehane et al. (2012) and Balta et al. (2015) . In addition, in contrast to the suggestion of Balta et al. (2015) that olivine cores are antecrysts, we evaluate an alternative petrogenesis model in which the whole-rock of Tissint represents a liquid composition, from which the olivine megacrysts initially crystallized in equilibrium with the melt, followed by progressive fractional crystallization.
MATERIALS AND METHODS
A 10 g piece of the Tissint meteorite and three loose chips were obtained and used for this study. All of these chips were covered by fusion crust. Three thin sections from the 10 g piece (UT1 to UT3) and three thin sections from three loose pieces (Tata-1-C1 to C3, Tata-2-C1 to C3, and Tata-3-C1 to C3, Fig. 1 ) are the source of most data reported in this study. A seventh section, Tissint-B, was used for additional trace element analysis. Baziotis et al. (2013) reported high-pressure minerals in UT1 to UT3 (formerly referred to as MT-1, MT-2, MT-3). The petrography of these sections was examined using a petrographic microscope and a scanning electron microscope. Backscattered electron (BSE) images and elemental X-ray maps (Ca Ka, Al Ka, Fe Ka, and Mg Ka) of four sections were obtained using a Cameca SX100 electron microprobe (EMP) at the University of Tennessee with 15 keV accelerating potential and a 20 nA focused beam at a step size of 8-12 lm.
Mineral modes in Tissint were estimated from elemental maps. These images were imported into the image-processing software ImageJ, where the brightness levels of these maps (0-255) were converted to a histogram, displaying unique peaks corresponding to specific minerals. Therefore, by selecting threshold values separating a given peak from background and other peaks, the number of pixels for that specific mineral was counted in the corresponding X-ray maps. The number of pixels attributed to each mineral was divided by the total number of pixels in the whole section to obtain modal-area fraction of each mineral, which was taken to represent a volume fraction, given the absence of any obvious anisotropy in the mineral fabric. Errors associated with the measurement of the modal abundances are a function of image resolution and the selection of the threshold values. Often, one mineral was estimated using multiple X-ray maps. Olivine can be distinguished from pyroxenes and plagioclase based on the lack of Al and Ca and higher Fe and Mg counts. Plagioclase displays no Mg and low Fe and is high in Al. Low-Ca pyroxene (Wo < 5) is distinguished from other phases by low Ca counts together with intermediate Fe and Mg counts. Sulfides contain the highest Fe counts, whereas phosphates display the highest Ca counts. Chromite can be discerned based on its moderate Al counts, but ulv€ ospinel and ilmenite require a Ti map. Therefore, FeTi-Cr oxides were grouped together as one phase. Melt pockets were manually outlined for the modal estimate.
Quantitative major and minor element compositions of minerals and glasses were obtained with the Cameca SX100 EMP at the University of Tennessee and a JEOL JXA-8200 EMP at Caltech. Analytical conditions for olivine, pyroxene, and Fe-Ti-Cr oxides were 15 kV accelerating voltage, 20 nA beam current, and 1-2 lm beam diameter. Maskelynite, phosphate, sulfide, and glass were analyzed using a defocused beam of 5-10 lm size, an accelerating voltage of 15 kV, with a 10 nA beam current. Detection limits are typically <0.03 wt% for SiO 2 , TiO 2 , Al 2 O 3 , MgO, and CaO; <0.05-0.1 wt% for FeO, MnO, Cr 2 O 3 , NiO, Na 2 O, K 2 O, and P 2 O 5 . The Fe Ka, P Ka, Al Ka, Ca Ka, and Cr Ka maps of two olivine megacrysts were collected using the EMP, with a focused beam of 15 kV voltage and 200 nA current, a step size of 2 lm, and a dwell time of~0.5 s at each step.
Major, minor, and trace element compositions of selected phases were obtained using an Agilent 7500ce inductively coupled plasma-mass spectrometer (ICP-MS), coupled with a GeoLasPro 193 nm Excimer laserablation (LA) system, at the Department of Geosciences, Virginia Tech. The analytical procedure is broadly similar to that of Udry et al. (2012) and PernetFisher et al. (2014) . A NIST 610 glass standard was analyzed before and after every session. The background was counted for 50 sec before each LA-ICP-MS analysis. Laser conditions were a 5 Hz repetition rate, a 150 mJ output energy, and a fluence rate of 7-10 J/m 2 on the sample. We used different beam sizes for different minerals. The smaller spot (~24 lm) size was used for phosphate analysis, 24 and 32 lm diameter were commonly used for silicates and glass, and a few analyses were conducted on olivines using a 90 lm beam to evaluate whether the low signals of REEs are a result of insufficient sampling. Raw data for each time-resolved signal were processed offline using the stand-alone AMS ver. 1.0 analytical software (Mutchler et al. 2008) . The time-lapse plots of each spot were examined, and only the plateau region was used to quantify the trace element abundances. For silicates and oxides, trace element abundances were calculated by normalization to 100 wt% oxide total. For spots with electron-probe data, the normalization method generally agrees within <10% with the method using EMP CaO or MgO values as internal standards. For phosphate, we calculated the trace element abundances by normalizing the LA-ICP-MS 40 Ca counts to CaO concentrations from the EMP analysis.
RESULTS

Petrography and Mineral Compositions
All sections of the Tissint meteorite display porphyritic textures, as reported previously ( Fig. 1 ; Chennaoui Aoudjehane et al. 2012; Baziotis et al. 2013; Balta et al. 2015) . Olivines occur as individual megacrysts or in clusters in our samples, as was also reported by Balta et al. (2015) (Fig. 2) . In decreasing modal abundance, the Tissint meteorite contains pyroxenes (51-60 vol%), olivine (22-26 vol%), maskelynite (former plagioclase, 14-17 vol%), and minor phases (<10 vol%), including chromite-ulv€ ospinel solid-solution spinels, ilmenite, phosphates, sulfides, and impact-produced melts, similar to other Tissint chips (Table 1) . Shock features are abundant in the Tissint meteorite as previously described in Baziotis et al. (2013) .
Compared with other members in the depleted group of shergottites, the texture of the Tissint meteorite is more similar to those of Dho 019, DaG 475, SaU 005, and NWA 1195, with a groundmass of fine-grained olivine, pyroxene, and maskelynite, compared to those of Y-980459 and NWA 5789, which display a groundmass of olivine and pyroxene microlites within glass (Table 1) .
Olivine
The olivine grains show brown coloration, typical of shergottites (produced by a dispersion of small FeTi oxide inclusions, e.g., Treiman et al. 2007; Pieters et al. 2008; Bl€ aß et al. 2010) . Individual euhedral grains reach~1.5 mm in length, and sometimes display fragmented or skeletal textures (Figs. 2b and 2c ). Olivine clusters typically are~1 9 3 mm in size, with individual grains in the cluster varying from 0.5 to 1 mm (e.g., Fig. 2a) . One of the grains in the cluster in Fig. 2a shows a curved contact with other grains. Smaller grains (<0.2 mm) in the matrix are subhedral to euhedral.
Compositions of olivine in our sections range from Fo 81 to Fo 35 (Table 2) , comparable to the range reported by Chennaoui Aoudjehane et al. (2012) and Balta et al. (2015) . Large olivines contain central regions (300-600 lm in size) of uniform composition (Fo 80AE1 ), followed by concentric zoning evidenced by Fe-enrichment toward the rims (e.g., Figs. 3 and 4) . Small grains in the groundmass display zoning from Fo 54 to Fo 33 . Balta et al. (2015) reported that the region with uniform Fo content is also surrounded by ring fractures. However, we find that the physical boundaries (ring fractures) do not coincide with the chemical boundaries between the uniform cores and the zoned rims (e.g., Figs. 1, 3, and 4). In the Fe Ka maps of individual olivine grains, the uniform cores show no clear signs of strong resorption or rounding (Figs. 3 and  4) . Moreover, the compositional transition from the uniform core to the zoned rim appears to be gradual (Figs. 3 and 4) . The P Ka maps of the olivine grains show that the uniform cores contain wide but weak (low-P) zones, and the zoned rims contain thinner oscillatory zones (Figs. 3 and 4) . The P 2 O 5 contents in the olivine in Fig. 4 range from below the limit of detection (0.02 wt%) in the dark zones to 0.04-0.05 wt% in the bright zones, and reaches 0.14-0.2 wt% in the brightest zones in the rim. The Cr Ka maps of the grains show no clear zonation, but small Cr-Ti oxide inclusions. The Al Ka map of one olivine grain shows a broad variation of Al from below the limit of detection of 0.02 wt% at the rim to 0.06 wt% in the center (Fig. 4) . Abundances of REE in Mg-rich olivines are below the detection limits of LA-ICP-MS at our analytical conditions (see limits of detection in Table 3 and Table  S1 in supporting information), similar to the finding by Balta et al. (2015) , although the detection limits of REE analysis using secondary ion mass spectrometry (SIMS) were not reported. One reported olivine analysis in Table S1 in Balta et al. (2015) showed very low but apparently well-resolved REE values (8 ppb La, 23 ppb Yb, and 6 ppb Lu). In addition, we report that Tissint olivines contain significant amounts of transition group elements (Sc, V, Ti, Co, Ni). Nickel contents in olivines decrease from 910 ppm at Mg# =~80 to 234 ppm at Mg# =~45, whereas Co contents increase slightly from 96 to 111 ppm (Fig. 5) .
Melt inclusions (round or elongated) are common in olivines (Figs. 2d-f). These inclusions are typically partially crystallized, consisting of secondary pyroxenes, feldspar, glass (Si-rich or Al-rich), and occasional chromite and sulfide, similar to melt inclusions described in other olivine-phyric shergottites (Basu Sarbadhikari et al. 2009 Liu et al. 2013 ). However, the Tissint olivines also contain glassy inclusions, coexisting with partially crystallized ones in the same grain (Figs. 2e and 2f), as observed in other pieces by Sonzogni and Treiman (2013) . The compositions of glassy inclusions in our samples (Table 2) are significantly different from the whole-rock analysis of Chennaoui Aoudjehane et al. (2012) . The glassy inclusions are noticeably higher in SiO 2 (60.9-63.4 wt%) and Al 2 O 3 (12.5-13.9 wt%), and lower in MgO (1.15-1.63 wt%) and FeO (3.9-5.3 wt%), with Mg# of 30-40.
Pyroxenes
Pyroxenes occur as euhedral to subhedral grains, typically from 50 to 200 lm in width and from 0. proportion (5-10 vol%) of the sections studied. HighCa pyroxene with Wo >30 is also uncommon in the Tissint meteorite (Fig. 6b) pyroxene grains display highly irregular Ca zoning (Fig. 7) . As in the olivines, Co contents of pyroxenes show small variations (39-52 ppm), whereas Ni contents show a large decrease with decreasing Mg# (~180 to 55 ppm). Contents of REE in Ca-poor pyroxenes are below detection limits of LA-ICP-MS (Table 3 and 4), much the same as observed with SIMS analysis by Balta et al. (2015) . The REE patterns of augites (Table 3 , and Fig. S1 in supporting information) are comparable to those in maskelynite, except for Eu. Other detectable incompatible elements display an increase in abundances with decreasing Mg# (Fig. S1 ).
Maskelynite
All plagioclase grains originally present in the Tissint meteorite have been converted by shock to isotropic maskelynite and melt-glass. Maskelynite comprises 14-17 vol% of our sections. These grains generally maintain their elongated shapes, but shock has rendered the distinction among individual grains difficult. Compositions of maskelynite display a limited range from An 67 Or 0.2 to An 55 Or 3 (Table 2) , smaller than the range (An 68 Or 1 -An 47 Or 5 ) reported by Balta et al. (2015) . There are minor but significant amounts of FeO (0.48-1.42 wt%), the largest amounts possibly indicating actual melt-glass rather than solid-state transformed maskelynite. In addition to Fe, maskelynite contains variable amounts of Ti (250-450 ppm), V (1.6-4.3 ppm), Mn (60-74 ppm), Sr (120-169 ppm), and Ba (1.6-4.4 ppm), with no clear correlations with An contents. Abundances of REE (except for Eu) of most maskelynites are below detection limits of LA-ICP-MS analysis, except for one point (Table S1 ). It is possible that this point may have sampled a tiny phosphate grain trapped between original grain boundaries, as observed in Chen et al. (2015) . The REE abundances in maskelynite obtained using SIMS by Balta et al. (2015) are <20 ppb, below detection limits of LA-ICP-MS.
Oxides
Chromite occurs as euhedral grains in the rim of olivine (~Fo 76 ), but not in the uniformly Mg-rich cores ( Table 2 ). The lack of chromite inclusions in olivine cores is also reported in other Tissint samples (Balta et al. 2015) . Isolated Cr-Ti spinels in the groundmass are zoned from chromite cores to Ti-chromite mantles to nearlypureulv€ ospinel rims (Table 2 , Fig. S2 in supporting information). This zonation is shown using Cr# = molar Cr/(Cr+2Ti+Al)*100 in Fig. S2 . The compositions of the cores are 84-80 mole% Cr#, 2-6 mole% Ti# (Ti# = molar 2Ti/[Cr+2Ti+Al]*100), and Mg# of 37-11, and the rims are~8 mole% Cr# and~85 mole% Ti#. The transition from chromite to ulv€ ospinel occurs at Mg#~10. Ilmenite occurs as individual, subhedral to euhedral, lath-shaped grains in the matrix. Ilmenite in the Tissint meteorite contains 1.65-2.29 wt% MgO and 0.15-0.65 wt% Cr 2 O 3 ( Table 2 ). The MgO and Cr 2 O 3 contents of ilmenite display a positive correlation, although there is considerable scatter.
Phosphate
Phosphate minerals comprise~1 vol% of the wholerock. We observed only sodium-merrillite, similar to Balta et al. (2015) . The major constituents of merrillite give an average formula of (Na 0.54-0.46 )(Mg 1.28 Mn 0.05 Fe 1.03 ) Ca 18.1 (PO 4 ) 14 , with a notable deficiency in the Na site. The compositional ranges in merrillites in our samples are slightly greater in FeO (2.1-5.4 wt%, Table 2 ) versus 2.4-4.9 wt% (Balta et al. 2015) . The formula moles of Na and Mn per 56 oxygen and Mg# of Tissint merrillites are intermediate between other depleted shergottites (Fig. 8) . This large range of compositions among different grains is typical for Martian merrillites (e.g., Shearer et al. 2011 Shearer et al. , 2015 .
The merrillites are rich in rare earth elements (La-Gd:~14-345 ppm; Tb-Lu: 18-414 ppm; Table 3) (Fig. 9) . 
Fusion Crust
Our chips are covered with a thin layer (up tõ 50 lm thick) of bubbly fusion crust. The composition of the fusion crust shows that SiO 2 and Al 2 O 3 contents range from 44.3 to 48.6 wt% and 3.5 to 6.0 wt%, respectively. The average composition of 73 analyses of the fusion crust displays a basaltic composition with Mg# of 62 (Tables 2 and 3 ), similar to the bulk-rock data of Chennaoui Aoudjehane et al. (2012) (Table 3 ). The REE abundances of different analyses of the fusion crust span the bulk rock values reported in Chennaoui Aoudjehane et al. (2012) (Fig. 10a) , and the average REE abundances of all fusion crust analyses are similar to the bulk rock data (Fig. 10c) . Normalized to the CI chondrite values, LREE values of the fusion crust are highly depleted relative to HREE (La/Yb N = 0.1-0.22, Fig. 10a ), similar to the merrillite data; this suggests that this sample does belong to the depleted shergottite group. The fusion crust analyses also display Eu anomalies (Eu/Eu*) of mainly 0.7-0.95 with one datum of 1.16. In the extended trace element plot, the fusion crust displays weak depletions in Ti and Nd, relative to neighboring elements (Fig. S3 in  supporting information) .
Shock-Induced Melts (Now Glass)
Shock-induced melt veins are typically~1 lm to tens of lm in width. These veins are generally filled with microcrystals in an interstitial glass. Near the fusion crust of UT1, a shock melt vein was observed with relatively clear and homogeneous yellow-green glass, and serial-cut sections demonstrate that this melt vein connects to a large melt pocket.
Shock-formed melt pockets range in size from 20 lm to 1 mm in diameter in our sections (Baziotis et al. 2013; Ma et al. 2014; Chen et al. 2015) . Five serial-cut sections show that some of the pockets extend to 1 mm in the third dimension. These rounded pockets predominantly exist between the interface of olivine and other minerals, and are heterogeneous in their textures and mineral constituents (Fig. 11) . Many pockets display a glassy center that typically lacks crystalline phases, but do contain small FeS droplets.
The major and minor element compositions of the glassy regions are generally basaltic (Table 3) . Trace elements were obtained on both glassy and crystalline regions. The REE abundances of different pockets range by a factor of 3-4 for a given element, comparable to the range observed in pyroxene and maskelynite (Fig. 10b) (2006) and Shearer et al. (2015) . Different colors are used to distinguish different chemical groups.
similar to those reported by Barrat et al. (2014) . The CI-chondrite-normalized REE patterns of pockets still show the strong LREE depletion relative to HREE (La/ Yb N = 0.09-0.2, Fig. 10b ). The Eu anomalies vary from negative to positive values (Eu/Eu* = 0.53 to 1.97).
DISCUSSION
Nature of the Olivine Megacrysts: Xenocrysts, Phenocrysts, or Antecrysts?
Understanding the nature of olivine and sometimes orthopyroxene megacrysts is required to assess whether the samples represent melt compositions because olivine-phyric shergottites are typically the most primitive members of the basaltic Martian meteorites. In the current study, we apply the nongenetic term megacryst to all of the large grains >200-600 lm in length, following the criterion of Gross et al. (2011) . Megacrysts may have three origins: phenocryst, antecryst, or xenocryst. If a megacryst in a rock is a phenocryst, it implies that the megacryst crystallized from the melt that formed the rock. Xenocryst in terrestrial usage usually implies nonmagmatic sources, such as a piece of wall rocks that is incorporated into the magma (e.g., Davidson et al. 2007 ). An antecryst is also a xenocryst, but it grew from an earlier, typically more primitive, melt associated with the same magmatic system and was reincorporated into the later magma (e.g., Davidson et al. 2007; Jerram and Martin 2008; Vinet and Higgins 2010) . In particular, the term antecryst was used to classify deformed olivines in Hawaiian lavas that are interpreted to have been cumulates from earlier magmas of a single magmatic system, but are unrelated to the melt in which they were ultimately found (e.g., Jerram and Martin 2008; Vinet and Higgins 2010) . For the Tissint case, Balta et al. (2015) referred to the uniform Mg# cores of olivine megacrysts as antecrysts, thereby arguing that they formed in the same active magmatic system as their host rock, but were later incorporated into their final host magma after settling, accumulation, and reentrainment. . The REE abundances in Tissint merrillite normalized using those in CI chondrite of Anders and Grevesse (1989) , and compared to results reported by Balta et al. (2015) , and to those in different chemical groups of shergottites from Shearer et al. (2011 Shearer et al. ( , 2015 . 
CI chondrite norm
Tissint Fusion Crust
Tissint bulk rock (Chennaoui Aoudjehane et al., 2012) a CI chondrite norm Fig. 10 . The REE abundances in Tissint glasses normalized to those in CI chondrite of Anders and Grevesse (1989) . a) REE in fusion crust from this study compared to whole-rock data from Chennaoui Aoudjehane et al. (2012) . Whole-rock data from Balta et al. (2015) are identical to those from Chennaoui Aoudjehane et al. (2012) , and thus are omitted for clarity. b) REE abundances in impact melts in this study, compared to those reported by Chennaoui Aoudjehane et al. (2012) and Barrat et al. (2014) . c) Average fusion crust and average impact melt compositions are compared to whole-rock data (A2012) of Chennaoui Aoudjehane et al. (2012) and the overall ranges of chemical groups. Data sources for the fields of enriched, intermediate, and depleted groups are compiled in Liu et al. (2013) . Missing values are marked by dashed lines.
Xenocrystic megacrysts are typically identified using either Fe-Mg disequilibrium between the megacryst and whole-rock or trace element abundance contrasts between olivine-hosted melt inclusions and whole-rock (e.g., EETA 79001 lithology A, McSween and Jarosewich 1983; Liu et al. 2013; Dar al Gani 476, Mikouchi et al. 2001; LAR 06319, Basu Sarbadhikari et al. 2009 . In contrast, it may not be possible to distinguish between antecryst and phenocryst if they formed from melts of similar composition. To complicate the issue, a single megacryst may be composed of a xenocrystic or antecrystic interior overgrown by a phenocrystic rim (e.g., EETA 79001, Liu et al. 2013 ). The interpretation of Balta et al. (2015) that the olivine cores in Tissint represent antecrysts is based on the observation that the uniform Mg# cores are surrounded by a normally zoned, Fe-rich rims, as well as the higher modal abundance of olivine in Tissint compared to other shergottites that lack accumulated olivine.
We evaluate the nature of olivine megacrysts in Tissint using various approaches. (PPL, plane-polarized light) and (f) BSE of the same area, showing a small plume (dashed line for boundary) from a melt pocket injected into the maskelynite (mask). ol, olivine; px, pyroxene; rwt, ringwoodite; imp gl, shock-formed glass; pl gl, glass with plagioclase-like composition. Goodrich 2003; Filiberto and Dasgupta 2011) . The olivine cores of Mg# of~81 in our samples and other sections (Chennaoui Aoudjehane et al. 2012; Balta et al. 2015) fall in the range of the calculated values, which argues against a xenocrystic origin for the olivine cores.
Second, the distributions of certain trace elements (e.g., Ni, Co, Sc, V, Y) between olivine cores and whole-rock may be used to assess the origin of the olivine megacrysts. The Ni and Co distributions between olivine and melt were experimentally determined for Martian conditions (Filiberto et al. 2009; Herd et al. 2009 ) and lunar conditions (Longhi et al. 2010) . Despite some scatter among experimental results, Longhi et al. (2010) concluded that the experimental data can be fit within the specified errors with the formulation of Beattie et al. (1991) : Third, in contrast to the suggestion of Balta et al. (2015) that the modal abundance of olivine is anomalously high, we find that the olivine abundances in Tissint are similar to many other olivine-phyric shergottites, with or without accumulated olivine (Table 1) . Moreover, Peters et al. (2015) reported that REE abundances of olivine-hosted melt inclusions in the Tissint meteorite are similar to those of the wholerock. These similar REE contents suggest that olivine cores in the megacrysts grew from a melt similar to that which formed the Tissint meteorite, consistent with the inferences that the melt-inclusion-bearing olivine grains are phenocrysts and that the amount of xenocrystic (including antecrystic) olivine is minute at best.
Fourth, antecrystic olivines formed in an earlier phase of the magmatic system would most likely have been normally zoned in Mg# at the time of their formation. For a Fe-Mg-zoned olivine up to 600 lm in diameter (e.g., the grain shown in Fig. 3 ) to homogenize via Fe-Mg diffusion, it would require about 100-200 years at 1100°C using the Fe-Mg diffusion coefficients of Jurewicz and Watson (1988) or Dohmen and Chakraborty (2007) . This requires that diffusive equilibration occurs while the magma is actively cooling and crystallizing in the Martian crust. While we cannot rule out this possibility, in the absence of constraints on magma-flux and magma-chamber depth, the antecryst concept is poorly substantiated, especially versus the phenocryst model presented below.
Fifth, phosphorus zoning of olivine grains provides a proxy for the early crystallization history of basaltic magma (Milman-Barris et al. 2008) . The P zoning of olivine megacrysts in three olivine-phyric shergottites has been used to evaluate the nature of megacrysts (Peslier et al. 2010; Shearer et al. 2013) . These studies show that the antecrystic/xenocrystic portions of the olivine grains tend to show rounding in P Ka maps, whereas phenocrystic olivine grains do not contain distinctive cores in P Ka maps. Our limited data shown in Figs. 3 and 4 indicate that the homogeneous Mg# regions display weak oscillatory P zoning, transitioning to strongly oscillatory growth zoning in the rims without rounding or evidence of resorption. This is consistent with a phenocrystic origin. The Fe Ka maps of different sections show that the uniform Mg# cores of most olivine megacrysts have shapes similar to the whole grains (Fig. 1) . Two grains in the olivine cluster in UT3 contain irregularly shaped cores (marked by white arrows), which could be caused by merging of multiple grains within a single overgrowth mantle and presence of highly strained olivine as in Fig. 2a . However, it could also indicate that a small population of the olivine does contain antecrystic cores.
Based on the above discussion, we conclude that the olivine megacrysts in Tissint are mostly phenocrysts. However, it is not possible to categorically reject the antecryst hypothesis because an ad hoc mixture of antecryst grains and an unknown composition of the initial melt can always be proposed to make up a whole-rock chemistry. In the absence of evidence requiring disequilibrium within the rock, however, another possible explanation of uniform olivine cores is that they formed by equilibrium crystallization from the initial melt, which requires a hot magma body with a relatively slow cooling rate. Such a model can be tested, and below, we consider the possibility that olivines in Tissint are phenocrysts, with the uniform cores formed by equilibrium crystallization, and the rims formed by subsequent fractional crystallization.
Crystallization History of Tissint
Observed Sequence
The crystallization history of a rock can be inferred from mineral chemistry and petrographic observations. As discussed above, the most Mg-rich olivines are likely phenocrysts. The uniform olivine cores suggest that the early olivine may have grown slowly under equilibrium conditions. Such conditions are likely achieved while the fraction of olivine was small and the magma was near its liquidus temperature (slow cooling). With continuing, perhaps accelerated, cooling and crystallization, the olivine mantles started to form. The concentration profiles between the uniform core and the rim can form under a cooling rate of 0.2°C h À1 , using the olivine geospeedometer of Taylor et al. (1977) .
Olivines of Mg# 81-74 are more Mg-rich than those in equilibrium with the most Mg-rich pyroxene (Mg# 76, Wo 4 ) in the Tissint meteorite, indicting a protracted phase of fractional crystallization of olivine before saturation of the magma with pyroxene. Pyroxenes of Mg# 76 would be in equilibrium with olivine of Mg# 74 using K FeÀMg D;OlÀcpx of 1.1-1.2 (Longhi and Pan 1989; Filiberto et al. 2010) . Multiple pyroxene grains display compositional trends from Mg# 76 pyroxene to augite to Fe-rich pigeonite (Fig. 6a) . However, individual pyroxenes in the Tissint meteorite display different types of zonation (normal, reverse, or oscillatory) . It is unclear if this reflects changes in magma conditions (e.g., melt composition, or f H2O ), recharge events, or kinetic factors (such as growth mode). Cation fraction of Ti in pyroxene increases, whereas Cr content in pyroxene decreases with decreasing Mg# in pyroxene, suggesting that chromite was crystallizing contemporaneously with pyroxene. The presence of large Ti-chromite only in olivine mantles or rims and Cr-ulv€ ospinels in the matrix are consistent with the deduction from mineral chemistry. Plagioclase joins the crystallization sequence when the pyroxene Mg# decreases to~65, as shown by a maximum in the Al/TiMg# correlation in pyroxenes (Fig. 6d) . The low Na content and the negative Eu anomaly of merrillite are consistent with its formation after plagioclase crystallization, a conclusion similar to that stated by Shearer et al. (2015) .
Together, the petrographic observations and mineral chemistry of the Tissint meteorite are consistent with the following crystallization sequence: olivine (Mg# 81 AE 1) ? olivine (Mg# 76) + Ti-chromite ? olivine (Mg# 74) + Ti-chromite ? olivine (Mg# 74-63) + pyroxene (Mg# 76-65) + Cr-ulv€ ospinel ? olivine (Mg# 63-35) + pyroxene (Mg# 65-60) + plagioclase, finally followed by late-stage ilmenite and phosphates. On the basis of the uniform olivine cores, the early stage may have occurred under equilibrium conditions, followed by fractional crystallization, which is modeled below.
MELTS Modeling
The crystallization history of Tissint was simulated using the alphaMELTS software (http://magmaso urce.caltech.edu), a flexible text-menu or scriptable driver for subroutine versions of the algorithms MELTS, pMELTS, and pHMELTS; this also has added capability for tracking the behavior of trace elements (Ghiorso and Sack 1995; Asimow and Ghiorso 1998; Asimow 1999; Asimow et al. 2001 Asimow et al. , 2004 Ghiorso et al. 2002; Smith and Asimow 2005) . The original MELTS calibration emphasizes low-P experimental data on mafic systems and is most suitable for modeling Tissint crystallization . The MELTS modeling of Tissint is conducted in two stages 1) equilibrium crystallization (EC) during isobaric cooling from the liquidus down to a selected transition temperature where Fo 81 forms; 2) fractional crystallization (FC) (beginning with the residual liquid composition at the end of the EC stage). We used the average bulk rock composition reported by Chennaoui Aoudjehane et al. (2012; their Table S7 , columns 1 and 2) as initial bulk composition, although in the end we found it necessary to adjust the Cr 2 O 3 and H 2 O contents from their nominal values. That is, we consider the entire evolution to happen in a closed system, with the onset of fractional crystallization caused by cooling becoming rapid compared to diffusive equilibration of crystals rather than by physical separation of the crystals. Both stages are calculated by decreasing temperature in 1°C increments. An exhaustive search of parameter space of such two-stage models is impractical and MELTS has artifacts and incomplete treatment of some phases (e.g., Na-merrillite is absent from the model) such that there is a risk of overfitting in a blind parameter search. Therefore, we based our initial guesses of parameters on observations.
For the EC stage, we use an oxygen fugacity of QFMÀ3.6 to be consistent with the reported values for the early crystallizing phases (e.g., Castle and Herd 2014; Balta et al. 2015) . The pressure for the EC stage is not critical as long as it is sufficiently low that orthopyroxene will not be the liquidus phase. For our simulation, we choose 65 MPa. Because only olivine formed in the EC stage, we run the simulation from the liquidus temperature (1418°C) to the temperature (1354°C) at which olivine composition becomes Fo 81 . The model predicts~11% olivine of Fo 81 formed during the EC stage. Based on the size of the uniform cores (Figs. 3 and 4) , they make up~40 vol% of the total olivine, which equals about 8-10 vol% of the bulk samples. The predicted amount is broadly similar to the observed mode.
For the FC stage, optimized conditions include progressive decrease in pressure from 65 MPa to 0.1 MPa, variable oxygen fugacities (QFMÀ3.6 to À4.3), and a starting temperature of 1352°C. The polybaric simulation path allows the olivine-pyroxene peritectic to shift along with the evolving liquid composition and helps to keep olivine on the liquidus, giving shorter compositional gaps in olivine compared to the isobaric condition. The FC calculation starts at QFMÀ3.6, and decreases to QFMÀ4.0 toÀ4.3 in the temperature interval 1225 to 1115°C in order to retain olivine as a phase in the fractionating assemblage, and to reconstruct the observed olivine and clinopyroxene zonation. At lower temperature, we used QFMÀ3.6, in order to reproduce the observed compositional range of plagioclase. In order to minimize the compositional gaps of olivine and increase the olivine stability as fractionation proceeds, we added 0.1 wt% H 2 O to the starting liquid composition for the FC stage. A direct observational constraint on the H 2 O content of the Tissint liquid is lacking, but totally anhydrous conditions are unlikely and small amounts of H 2 O stored in nominally anhydrous minerals have been inferred from shock melts (Chen et al. 2015) . Furthermore, we decreased the Cr 2 O 3 content of the starting liquid for the FC stage (to 0.4 wt%) close to the value in one of the two analyses by Chennaoui Aoudjehane et al. (2012) , in order to delay chromite crystallization until the olivine reaches a composition of Fo 76 as observed.
This two-stage approach using MELTS produces a crystallization sequence broadly consistent with that observed in Tissint (Fig. 12) . The predicted sequence from MELTS is: olivine ? orthopyroxene ? "spinel" ? clinopyroxene-1 ? clinopyroxene-2, 3 ? whitlockite ? plagioclase. It is important to note that whitlockite is used to represent all anhydrous phosphates in MELTS. In our calculations, phosphate appears at slightly higher temperature than plagioclase, which may reflect an imperfect combination of the conditions, but the general idea of phosphate saturation late in the sequence is reasonable.
The calculated mineral compositions of the FC stage reproduce several observations (Fig. 12) . The early olivine is Fo 80 continuing from the EC stage, and evolves toward more Fe-rich compositions. The predicted orthopyroxene composition at 1260-1285°C matches the observed compositions (Fig. 12) variations for spinel-group minerals predicted from MELTS are consistent with the observed values. Predicted chromite saturation starts at 1289°C with a composition of Cr# 79 and Ti# 3, similar to the observed chromite cores, and becomes progressively Tienriched, matching the observed spinel rim at 1054-1055°C (9 mole% Cr# and 85 mole% Ti#). Furthermore, chromite appearance coincides with Fo 76 , in accordance with observations. Plagioclase with a composition of An 73 appears on the liquidus at 1115°C; the measured composition of An 67 appears at 1071°C and becomes progressively more Na-rich. The composition of plagioclase varies with continued cooling and reaches An 55 at 1019°C, which matches the measured composition of plagioclase rims.
After a detailed, but not exhaustive search over crystallization conditions and starting compositions, some misfits between observation and prediction remain (Fig. 12) . Some may reflect the limitations of the MELTS calibration and the mineral phases it considers; others may reflect unmodeled complexity in the evolution of the Tissint magma. The predicted olivine shows three compositional gaps, Fo 67 to Fo 62 , Fo 61 to Fo 49 , and then Fo 49 to Fo 47 . Then, olivine evolves from Fo 49 to Fo 3 at 1019°C, at which temperature the last liquid is consumed. The predicted compositional gaps and olivine with Fo < 35 are not observed in our samples. The simulation also predicts formation of multiple pyroxenes: orthopyroxene at 1325-1285°C and a range of clinopyroxenes at T < 1285°C. The Fe-rich augite compositions predicted for clinopyroxene-1 at T < 1100°C are not observed. The cocrystallization of clinopyroxene-2 and low-T clinopyroxene-1 is likely an artifact of poorly resolved miscibility gaps toward highTi, Al compositions in the MELTS pyroxene model. The lack of Fe-rich olivine and Fe-rich clinopyroxene in the samples, predicted by MELTS at <1100 AE 20°C, could be explained if the system reverted to equilibrium crystallization during the waning stages, during which the mineral rims equilibrated with the residual melt until complete solidification.
The general agreement between the observed petrography and mineral chemistry of Tissint with the results of MELTS simulations confirms that the Tissint has a complex petrologic history. Although there are some discrepancies between observation and simulation, the Tissint petrogenesis can be broadly explained with a two-stage crystallization process, involving an early equilibrium stage followed by a polybaric fractional crystallization stage. Physically, two-stage crystallization is plausible, if the magma initially resided at a deeper crustal level and experienced slower cooling, and was then displaced to shallower depth where it cooled much faster. The displacement could be caused by any of the triggers commonly associated with destabilization of magma chambers and onset of magma ascent and possible eruption, e.g., recharge of the magma chamber. Alternatively, the transition from equilibrium to fractional crystallization could be a simple result of the geothermal gradient in the Martian crust. In this scenario, the rising magma is progressively in contact with cooler rocks, causing an increasing rate of heat loss from the magma to the surrounding rocks, and therefore an accelerating crystallization process.
SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article: Fig. S1 . Abundances of trace elements in the Tissint minerals normalized using those in CI-chondrite of Anders and Grevesse (1989) . ( Table S1 . LA-ICP-MS data of selected minerals and glass. EMP data are included for comparison.
